Previously, we characterized a mouse cell line, 4A, carrying a mitochondrial DNA mutation in the subunit for respiratory complex I, NADH dehydrogenase, in the ND6 gene. This mutation abolished the complex I assembly and disrupted the respiratory function of complex I. We now report here that a galactose-resistant clone, 4AR, was isolated from the cells carrying the ND6 mutation. 4AR still contained the homoplasmic mutation, and apparently there was no ND6 protein synthesis, whereas the assembly of other complex I subunits into complex I was recovered. Furthermore, the respiratory activity and mitochondrial membrane potential were fully recovered. To investigate the genetic origin of this compensation, the mitochondrial DNA (mtDNA) from 4AR was transferred to a new nuclear background. The transmitochondrial lines failed to grow in galactose medium. We further transferred mtDNA with a nonsense mutation at the ND5 gene to the 4AR nuclear background, and a suppression for mitochondrial deficiency was observed. Our results suggest that change(s) in the expression of a certain nucleus-encoded factor(s) can compensate for the absence of the ND6 or ND5 subunit.
The mammalian respiratory NADH-ubiquinone oxidoreductase (complex I) is the largest and least understood component of the mitochondrial oxidative phosphorylation system (35, 50) . Located in the inner mitochondrial membrane, complex I is the major entry point for electrons to get into the respiratory chain. It couples electron transfer with the translocation of protons across the membrane, generating a proton gradient that is essential for ATP synthesis. Mammalian complex I consists of about 46 subunits, and seven of them-designated ND1, -2, -3, -4, -4L, -5, and -6-are encoded by mitochondrial DNA (mtDNA) (12, 23) . A series of biochemical, electron microscopic, and functional investigations have led to a model of the structure of complex I in Neurospora crassa, which contains 32 subunits (17, 20, 26, 53) . It is suggested to have an L-shaped structure consisting two complementary moieties: one membrane domain and a peripheral arm protruding to the matrix space. Since mammalian complex I has a subunit composition similar to that of the Neurospora enzyme, the Lshaped structure is considered to approximate the mammalian complex I structure as well (18, 19) . All of the mtDNA-encoded hydrophobic subunits are located in membrane arm, whereas the catalytic center is on the matrix arm.
Over the last 17 years, large numbers of mtDNA mutations have been associated with various human diseases (14, 51) . In particular, mutations in the ND1, ND4 and ND6 genes, encoding subunits of complex I, with resulting complex I deficiency, have been reported to play a causative role in the development of Leber's hereditary optic neuropathy (LHON) (28, 30, 52) or LHON and dystonia (31) . As the most frequently observed respiratory enzyme defect, complex I deficiency has been also associated with Leigh syndrome, fatal infantile lactic acidosis, macrocephaly with progressive leukodystrophy, encephalomyopathy, and neurodegenerative diseases such as Parkinson's disease (35, 43, 50, 55) .
Based on the selection on resistant cell lines to a complex I respiration inhibitor, rotenone, we previously isolated a mouse A9 cell derivative, 4A, defective in NADH dehydrogenase activity (2) . This cell carries a near-homoplasmic frameshift mutation in the mtDNA gene for the ND6 subunit resulting in the absence of this protein. The cotransfer of the mtDNA from the 4A cells with the mitochondrial defects pointed to the pure mitochondrial genetic origin for the dysfunction. Further characterization revealed a loss of assembly of the mtDNA-encoded subunits of the enzyme. As an indication of serious impairment in oxidative phosphorylation, in contrast to the A9 cell, the 4A cell failed to grow in a medium containing galactose instead of glucose.
We isolated here a spontaneous revertant of the 4A cell containing homoplasmic levels of the mtDNA mutation that had regained apparently normal mitochondrial function. The assembly of other subunits into complex I, as revealed by pulse-chase experiment and blue native gel analysis, was restored in the revertant cells in the absence of ND6 protein synthesis, and mitochondrial membrane potential, which is essential for functional mitochondria, was also recovered. This restoration in mitochondrial function was further shown to associate with a change (changes) in the nuclear background which could also suppress the defects caused by an ND5 mutation. mouse fibroblast cell line. It was grown in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS). The rotenone-resistant clone 4A carrying the ND6 mutation was derived from A9 (2) . It was grown in the above medium supplemented with 1.2 M rotenone. The mtDNA-less [rho 0 ] LL/2-m21 cell line, a derivative of mouse cell line LL/2 (5) (ATCC CRL-1642), was grown in DMEM supplemented with 10% FCS and 50 g of uridine per ml. 3A20-4 is a cell line containing an ND5 mutation (5) .
DNA analysis. For mtDNA sequencing, total DNA samples were isolated from cells with a QIAamp DNA Minikit (QIAGEN, Inc.) and then subjected to PCR amplification of the ND6 gene using the primers ND6-5Ј-1 and ND6-3Ј-1 (see below). DNA sequencing of the purified product was carried out using the primers ND6-5Ј-2 and ND6-3Ј-2 (see below).
Quantification of the ND6 frameshifting mutation (a C insertion in a row of six C residues at positions 13886 to 13891) was carried out by allele-specific termination of primer extension (24) . For this purpose, the PCR-amplified fragments were used as templates, and the 5Ј-end 32 P-labeled ND6PE oligodeoxynucleotide (see below) was used as a primer in a 1:1 molar ratio. Nucleoside triphosphate concentrations were 100 M for dCTP and 300 M for ddTTP. The mixtures were heated to 95°C for 3 min and then cooled to 45°C for 5 min, to 37°C for 10 min, and finally chilled on ice. After addition of 1 l of 1:8 diluted Sequenase (USB Corp.), the mixtures were incubated at 45°C for 5 min. The reaction products were denatured and separated on a 50-cm-long 20% polyacrylamide-6 M urea gel. Quantification of the intensity of the bands was done by using a PhosphorImager (Molecular Dynamics) and the ImageQuant program.
Quantification of the ND5 mutation (a C-to-A point mutation, which destroys a ClaI site) was carried out by analysis of the products of a restriction digestion reaction. For this purpose, a 464-bp fragment of the ND5 gene was amplified by PCR with the primers ND5-5Ј-2 and ND5-3Ј-4 in a 50-l volume. A 5-l sample of the final PCR mixture was then subjected to ClaI digestion (5 U) in a 20-l reaction volume at 37°C overnight. Under these conditions, the wild-type ND5 fragment was cut into two small fragments of 296 and 168 bp, whereas the mutant ND5 fragment remained intact. A 5-l sample of the above-described reaction mixture was subsequently electrophoresed on a 3% agarose gel.
The sequences of the primers used in the present study were as follows: Mitochondrial protein synthesis. To measure the rate of mitochondrial protein synthesis, pulse-labeling experiments with [ 35 S]methionine were performed according to a protocol described previously (11) . Samples of 2 ϫ 10 6 cells of the desired type were plated on 10-cm dishes, incubated overnight, washed with methionine-free DMEM, and then incubated for 7 min at 37°C in 4 ml of the same medium containing 100 g of the cytoplasmic translational inhibitor emetine/ml. Thereafter, [ 35 S]methionine (0.2 mCi [1,175 Ci/mmol]) was added, and the cells were incubated for 30 to 60 min. To test the stability of the mitochondrial translation products, pulse-chase labeling experiments were performed (11) . Samples of 2 ϫ 10 6 cells were plated on 10-cm dishes and grown for overnight. Labeling was carried out as described above, except that emetine was replaced with cycloheximide, and the incubation time with [ 35 S]methionine was extended to 2 h; thereafter, the cells were washed and subjected to a 19-h chase in complete unlabeled medium in the absence of cycloheximide to allow incorporation of the labeled mtDNA-encoded subunits into the complexes. The labeled cells were treated with trypsin, washed and lysed in 1% sodium dodecyl sulfate (SDS). Samples containing 30 to 50 g of protein were electrophoresed through an SDS-polyacrylamide gel (15 to 20% exponential gradient).
Blue native gel electrophoresis. Complex I assembly analysis was carried out by blue native gel electrophoresis. Mitochondria were isolated according to procedures described previously (11) . After three washes in 130 mM NaCl, 5 mM KCl, and 1 mM MgCl 2 , the cells were incubated for 3 min in 10 mM Tris-HCl (pH 6.7), 10 mM KCl, and 1.5 ϫ 10 Ϫ4 M MgCl 2 and processed in a PotterElvehjem homogenizer with a rotating pestle until ϳ80% of the cells were broken. The homogenate was then brought to 0.25 M sucrose and centrifuged for 5 min at 1,200 ϫ g to remove large debris and nuclei. The mitochondria were collected by centrifugation for 10 min at 8,000 ϫ g and washed in 0.25 M sucrose, 10 mM Tris-HCl (pH 6.7), and 1.5 ϫ 10 Ϫ4 M MgCl 2 . The mitochondrion protein concentration was measured by the Bradford method. The gels were run for 30 min at 40 V and then at 80 V until the dye reached the end of the gel. For the in-gel staining assay, 0.1 mg of NADH and 2.5 mg of NTB (nitrotetrazolium blue)/ml in 2 mM Tris-HCl was used to incubate the gel for 3 h. For Western blotting and immunodetection, antibodies to GRIM-19, MS103 (Mitosciences) for complex I, and MS502 (Mitosciences) for complex V were utilized. The Western blot was carried out according to the protocol provided by Mitoscience.
O 2 consumption measurements. The fresh medium was replaced the day before the measurements. Determination of the O 2 consumption rate in intact cells was carried out on ϳ5 ϫ 10 6 cells in Tris-based, Mg 2ϩ /Ca 2ϩ -deficient (TD) buffer (0.137 M NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , and 25 mM Tris-HCl [pH 7.4] at 25°C) as previously described (2) . For measurements of complex-dependent O 2 consumption rate in digitonin-permeabilized cells (25) , about 5 ϫ 10 6 cells were resuspended in 1 ml of buffer (20 mM HEPES [pH 7.1], 10 mM MgCl 2 , 250 mM sucrose), and then 100 g of digitonin (1 l of a 10% solution in dimethyl sulfoxide) in 1 ml of buffer was added. After incubation for 1 min at room temperature, the cell suspension was diluted with 8 ml of buffer. The cells were rapidly pelleted and resuspended in respiration buffer (20 mm HEPES [pH 7.1], 250 mM sucrose, 2 mM KH 2 PO 4 , 10 mM MgCl 2 , and 1.0 mM ADP). The measurements were carried out in two chambers of an YSI model 5300 Biological Oxygen Monitor. The substrates (adjusted to ϳpH 7.0 with NaOH), and inhibitors were added with Hamilton syringes. The final concentrations were as follows: malate, 5 mM; glutamate, 5 mM; succinate, 5 mM; glycerol-3-phosphate, 5 mM; ascorbate, 10 mM; N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine (TMPD), 0.2 mM; NADH, 0.5 mM; rotenone, 100 nM; flavone, 0.5 mM; antimycin A, 20 nM; and KCN, 1 mM. P/O ratio assay. The P/O ratio measurement was carried out in digitoninpermeabilized cells (48) . Approximately 5 ϫ 10 6 cells were permeabilized with 0.006% digitonin in assay buffer consisting of 75 mM sucrose, 5 mM KH 2 PO 4 , 40 mM KCl, 0.5 mM EDTA, 3 mM MgCl 2 , 30 mM Tris-HCl (pH 7.4), 0.3 mM P 1 ,P 5 -di(adenosine-5Ј) pentaphosphate (Sigma), and 0.32% (wt/vol) bovine serum albumin. Malate (5 mM) and glutamate (5 mM) were used as respiratory substrates. A total of 120 nmol of ADP was added.
Enzymatic assay. The activity of NADH:ubiquinone oxydoreductase (complex I) was assayed according to the protocol of Birch-Machin and Turnbull (6). We used 0.13 mM NADH and 65 M ubiquinone in the presence of 2 mM KCN and 2 g of antimycin A/ml as inhibitors for complexes IV and III. The complex I activity was measured by monitoring the decrease in absorbance due to the oxidation of NADH at 340 nm (ε ϭ 6.22 ϫ 10 3 M Ϫ1 cm Ϫ1 ) in assay buffer by using a DU-640 spectrophotometer (Beckman Instruments). Similarly, complex III activity was measured by determining the reduction of cytochrome c(III) at 550 nm (ε ϭ 21 mM Ϫ1 cm Ϫ1 ) using D-ubiquinol-2 as an electron donor. Growth measurements. Multiple identical samples of 2 ϫ 10 4 to 2 ϫ 10 5 cells (in different experiments) were grown for 7 days on 10-cm dishes in the appropriate medium (DMEM that contained 4.5 mg of glucose and 0.11 mg of pyruvate/ml or DMEM lacking glucose and containing 0.9 mg of galactose and 0.5 mg of pyruvate/ml [22] , both supplemented with 10% dialyzed FCS) and counted on a daily basis. The resistance to rotenone was tested in the glucose medium supplemented with 1.2 M rotenone. Both floating and attached cells were counted.
Mitochondrial membrane potential and proliferation analysis. Mitochondrial membrane potential was estimated as described previously (36) . Images were acquired with a 1.45 ϫ60-numerical-aperture, objective lens on the Nikon PCM2000 custom adapted for two-photon imaging. Tetramethyl rhodamine ethyl ester (TMRE) was excited at 800 nm by using a Ti-sapphire Coherent Mira 900 Laser pumped with a 5-W Verdi laser (Coherent, Inc., Santa Clara, CA). Images were analyzed with Image J (http://rsb.info.nih.gov/ij/).
Mitochondrion-mediated transformation. The mtDNA-less [rho 0 ] LL/2-m21 cell line was isolated as described previously (5 
RESULTS
Isolation and mtDNA sequencing confirmation of a cell line carrying a frameshift mutation at the ND6 gene with normal respiratory activity. In a medium where glucose was replaced by galactose as the carbon source, mammalian cells exclusively rely on mitochondrial oxidative phosphorylation for ATP production (4, 22, 39). We previously showed that 4A cells that carried a ND6 frameshift mutation failed to grow in galactose medium due to the severe impairment in mitochondrial function (2) . As one of a series of efforts to restore mitochondrial function in cells with complex I deficiency, half of a million 4A cells were plated in a 10-cm dish and maintained in the galactose medium for 14 days. We found that five independent clones emerged, and we picked one, 4AR, for further analysis.
To exclude the possibility that 4AR was from segregation and repopulation of the residue wild-type mtDNA, sequencing analysis was carried out in the original A9 cells, 4A cells carrying the frameshift mutation and the revertant 4AR cells. As shown in Fig. 1A , 4AR keeps the same mutation as found in 4A cells. A more sensitive experiment, involving allele-specific termination of primer extension (24) , was carried out to detect the potential low extent of wild-type mtDNA. As can be seen in Fig. 1B , there is no detectable mutant mtDNA in A9 cells. Like what was found in 4A cells, the mutation in 4AR cells appears to be homoplasmic. The complete ND6 gene was sequenced in 4AR cell, and no secondary mutation was found to restore the functional ND6.
ND6 protein synthesis and complex I assembly. The C insertion in both 4A and 4AR cells introduces a frameshift at 63rd amino acid in ND6 and creates a stop codon 51 to 53 bp downstream of the C stretch, resulting in a 79-amino-acid truncated polypeptide. The truncated product was shown to be unstable (2) .
In order to determine whether, in the revertant 4AR cells, the ND6 protein synthesis was recovered, the mitochondrial proteins were labeled with [
35 S]methionine for 30 min in the presence of emetine to inhibit cytoplasmic protein synthesis. As can be seen in Fig. 2A , as observed with 4A cells, apparently no ND6 gene product that we identified in a previous study (2) was detected in 4AR cells. Obviously, the correction did not happen at the ND6 translation level.
One of the direct consequences of the lack of the ND6 subunit in 4A cells was the considerably lower stability of other mtDNA-encoded complex I subunits resulting from the defective assembly (2) . In order to investigate whether, in the revertant 4AR cells, complex I assembly was modulated, we first grew the A9, 4A, and 4AR cells in the presence of a mitochondrial protein synthesis inhibitor, chloramphenicol, to enrich the nuclear-DNA-encoded complex I subunits. Cells were subsequently labeled for 2 h with [
35 S]methionine in the presence of a reversible cytoplasmic protein synthesis inhibitor, cycloheximide. Cells were then chased for 19 h in complete unlabeled medium without the inhibitor in order to allow the labeled mtDNA-encoded subunits to incorporate into the complex. Figure 2B shows the electrophoretic patterns of samples of SDS mitochondrial lysates from pulse-chased A9, 4A, and 4AR cells. Compared to the short-pulse-protein synthesis shown in Fig. 2A , the extra bands in pulse-chase-labeled products represent cytoplasmic proteins labeled during the chase (11) . In particular, since there are additional bands in the area for ND6 product, apparently because of cytosolic translation during chase, we cannot identify the ND6 subunit in the electrophoretic pattern of pulse-chase products as shown in Fig.  2B . Levels of the recognizable complex I subunits ND1, ND2, ND3, ND4, and ND4L in 4A cells, as reported in a previous study (2) , were decreased; noticeably in 4AR cells, the protein levels of these subunits were restored to about the same amounts as in the wild-type A9 cells. This result pointed to a recovered stability of mtDNA-encoded complex I subunits in the 4AR cells, possibly due to the restored complex assembly.
More direct evidence on complex I assembly came from the blue native electrophoresis analysis. The blue native polyacrylamide gel electrophoresis is a method to isolate intact membrane-bound protein complexes and is particularly utilized to investigate the integrity of mitochondrial respiration complexes (40) . Mitochondria isolated from A9, 4A, and 4AR cells were run under native conditions in a blue native polyacrylamide gel electrophoresis system and were then subjected to a complex I in-gel activity assay (Fig. 2C) and to immunoblot analysis for complexes I and V (Fig. 2D) . As expected, disrupted complex I assembly was confirmed in 4A cells, whereas the assembly of other subunits of complex I in the absence of ND6 was restored in 4AR cells. It is interesting that in 4AR cells there were two bands for complex I, which could be an indication that there are two alternative conformations of complex I in the absence of the ND6 subunit. 
Mitochondrial function analysis.
An analysis of the respiratory capacity of A9, 4A, and 4AR cells was carried out. As shown in Fig. 3 , 4A cells exhibited a significant decrease in overall oxygen consumption (Fig. 3A) , caused by a severe defect in malate/glutamate-dependent oxygen consumption rate, which usually reflects the rate-limiting activity of complex I (Fig. 3B) . As controls, the succinate/glycerol-3-phosphatedriven respiration, which usually reflects the activity of complex III, and the TMPD/ascorbate-driven respiration, which reflects the activity of complex IV, were also analyzed (Fig.  3B) . Although, generally speaking, all of the respiratory enzyme activities were increased in the revertant 4AR cells compared to the parent 4A cells (complex III by 56%, complex IV by 27%), the most striking difference was in the activity of complex I: 4AR exhibited a 3.5-fold increase in its complex I-dependent oxygen consumption rate. The overall respiration rate was also increased by 283%.
To complement the respiratory measurement, biochemical assays on the activities of complex I and III were also carried out. Mitochondrial membranes were partially purified from isolated mitochondria (4). Complex I (NADH-ubiquinone oxidoreductase) activity was determined by monitoring the oxidation of NADH with ubiquinone as the electron acceptor (6). Complex III (ubiquinone-cytochrome c oxidoreductase) activity was measured by determining the reduction of cytochrome c(III) using D-ubiquinol-2 as the electron donor. As shown in Fig. 3C , complex I activity was increased by 7.92-fold in 4AR cells compared to 4A cells, and a 10.24-fold increase was recorded when complex I activity was normalized by complex III activity.
To determine whether in 4AR cells the oxidative phosphorylation efficiency was restored, we measured the coupling of mitochondrial respiration to ATP production of complex I by determining the P/O ratio, defined as nanomoles of ATP produced per nanoatoms of oxygen consumed during ADP-stimulated respiration (8) . The P/O ratio coupled to NADH oxidation in A9 cells was 2.27 Ϯ 0.06, whereas the P/O ratio in 4AR cells was 1.69 Ϯ 0.27 in 4AR cells. These experiments showed that whereas the respiratory capacity was fully recovered in 4AR cells, NADH oxidation coupled with ATP production was not completely restored.
Mammalian cells rely on both mitochondrial oxidative phosphorylation and glycolysis for ATP production. However, galactose is not an efficient substrate in the glycolytic pathway. As a result, in medium containing galactose instead of glucose as the carbon source, cells are forced to depend predominantly on oxidative phosphorylation as a source for ATP. Growth capacity in both glucose and galactose media was measured in A9, 4A, and 4AR cells (Fig. 4) . The wild-type A9 cells grow well in both glucose and galactose media (4A), whereas the complex I-defective 4A cells grew well in glucose medium but not in galactose medium (Fig. 4B) . The revertant 4AR cells, as expected, grew well in both media (Fig. 4B) . 4A cells were isolated for their resistance to the respiratory inhibitor, rotenone, and we showed that the resistance was due to a mutation in the nuclear genome (2) . Like 4A cells, 4AR cells are still resistant to rotenone (data not shown).
MMP determination. Concomitant with electron transfer along the respiratory chain, protons are pumped out of the inner membrane of mitochondria at complexes I, III, and IV, generating the mitochondrial membrane potential (MMP) (9) . Preservation of a proper MMP is not only important in ATP generation, but also essential in mitochondrial calcium uptake and regulation of production of reactive oxygen species, an important cell signal (38) . Depolarization of MMP has been implicated in various human diseases (37) . Cells were labeled with an MMP indicator, TMRE (50 nM), in a culture incubator for 5 min. The glass coverslip was then sealed in a closed perfusion chamber, and the cells were subsequently imaged on a two-photon confocal microscope. Two-photon imaging was used to excite TMRE as shown in Fig. 5A , and the quantitative results are shown in Fig. 5B . The MMP was compromised in 4A cell by 44% compared to the wild-type A9 cells, and it was fully restored in the 4AR cells. Genetic origin for the compensation. Complex I is under dual genetic control, nuclear and mitochondrial; alteration in either genome could be responsible for the suppression of mitochondrial dysfunction caused by the ND6 mutation. In order to investigate the genetic origin of the suppression, we (32) . To test whether the mtDNA from the 4AR cells exhibited recovered oxidative phosphorylation capacity, we determined the growth curves of 4AR/LL/2-1, 4AR/LL/2-2, 4AR/LL/2-3, together with 4AT1, with 4A mtDNA in an LL/2 nuclear background, and A9/LL/2, with A9 mtDNA in an LL/2 nuclear background (2). As shown in Fig. 6 , although A9/LL/2 cells grew well in the galactose medium, all of the transmitochondrial lines with 4AR mtDNA in a new nuclear background failed to grow, a situation similar to that of 4AT1 cells which carried the 4A mutant mtDNA in the same nuclear background.
Is the suppression of ND6 specific? Our results suggested that the nuclear background was important in the restoration of mitochondrial function in cells carrying an ND6 mutation. Like ND6, the ND5 subunit has been shown to affect complex I assembly, though to a lower extent (5, 7, 24, 33) . In Chlamydomonas, the absence of ND6 prevents the assembly of the whole complex, whereas the loss of ND5 leads to a partially assembly complex (7) .
An mtDNA-less [rho 0 ] 4AR cell line was isolated according to a previously published protocol (5) which involved longterm treatment of 4AR cells with a high concentration of ethidium bromide. In particular, 4AR cells were exposed to 5 g of ethidium bromide per ml for 2 months in medium sup- plemented with 50 g of uridine per ml, and five clones were isolated. The test of absence of mtDNA was first carried out by a PCR targeting the mtDNA fragment covering the region from positions 15378 to 15372. All five clones showed complete loss of mtDNA (data not shown). The successful isolation of 4AR [rho 0 ] cells was confirmed by the fact that all of these clones failed to survive in a DMEM medium without the supplementation of uridine (32) . One of these clones, named 4AR [rho 0 ], was utilized in the following experiments. To determine whether the changes in the nuclear background of 4AR also suppress the defects caused by a mutation in other complex I subunits, we transferred the mtDNA from a cell line, 3A20-4, carrying a ND5 nonsense mutation (5) to the revertant 4AR nuclear background. This was achieved by fusing of enucleated 3A20-4 cells to 4AR [rho 0 ] cells. Two transmitochondrial lines, 3A20-4/4AR-1 and 3A20-4/4AR-2, were isolated. The ND5 mutation in 3A20-4 cells is a C-to-A transversion that changed the arginine codon CGA to the mitochondrial stop codon AGA. Consequently, the 607-amino-acid peptide ND5 was truncated to a 115-amino-acid unstable product (5) . This mutation also destroyed a ClaI restriction site (ATCGAT). To confirm that the transmitochondrial lines did carry the ND5 mutation, a ClaI digestion was carried out with a PCR-amplified ND5 fragment from 3A20-4/4AR-1, 3A20-4/4AR-2, 3A20-4, and 4AR cells. As shown in Fig. 7A , both 3A20-4/ 4AR-1 and 3A20-4/4AR-2, like 3A20-4, carry predominantly mutant ND5 mtDNA. The growth capacity in galactose medium was then determined with the transmitochondrial lines and the 3A20-4 and 4AR cells. In contrast to 3A20-4 cells, both 3A20-4/4AR-1and 3A20-4/4AR-2 cells grew well in the galactose medium (Fig. 7B) , indicating a recovered oxidative phosphorylation function. We then measured the total respiration rates of the transmitochondrial lines. As shown in Fig. 7C , the respiration rates in transmitochondrial lines with the revertant 4AR nuclear background increased by ϳ2-fold compared to cells with the same mtDNA with an ND5 mutation in the LL/2 nuclear background. However, we did not detect an increase in complex I assembly in 3A20-4/4AR-1 and 3A20-4/4AR-2 cells compared to 3A20-4 cells with BNG analysis (data not shown). It is likely that in 3A20-4 cells the assembly of complex I in the absence of ND5 was in an inactive conformation, which led to a defective complex I activity despite a significant "assembly" of complex I, whereas in 3A20-4/4AR-1 and 3A20-4/4AR-2 cells complex I was assembled in a way more close to the active conformation.
CIA30 is a protein that has been found to be involved in the assembly of complex I in Neurospora crassa (34); a mammalian CIA was also isolated and was proposed as a candidate for human complex I deficiency (29) . The expression level of CIA 30 was analyzed by the quantitative reverse transcription-PCR method (47) in A9, 4A, and 4AR cells. No significant difference was detected (data not shown).
DISCUSSION
In the present work, the defective mitochondrial phenotypes caused by a frameshift mutation in ND6 gene were reverted. We explored the presence of wild-type mtDNA in the revertant by sequence analysis and more sensitive allele-specific termination of primer extension, and the results indicated no trace of wild-type mtDNA at the original site. To investigate whether an intragenic suppressor was responsible for the revertant phenotypes, as has been reported in the case of a suppression of a mouse mtDNA missense mutation on the cytochrome c oxidase (complex III) subunit 1 (COXI) gene (1), we transferred the mitochondria from the revertant 4AR to a new nuclear background. However, in such a situation, the suppression was lost, indicating a nuclear involvement.
Suppression of mitochondrial translational deficiency has been reported in various situations. A mutation in the tRNA Leu(CUN) gene was shown to suppress a mitochondrial protein synthesis defect caused by mitochondrial tRNA Leu(UUR) A3243G mutation (15) with a proposed mechanism of recognition of the UUR codon by the modified tRNA Leu(UUR) . Nuclear changes were suggested to play a role in the suppression of a pathogenic tRNA Asn mutation (21) and an initiation codon mutation in the yeast COXIII gene (16) . However, in this case the ND6 protein synthesis was still missing, indicating that the suppression was not at the translation level.
Nevertheless, compared to the original mutant 4A cells, with the absence of ND6 the stability of other mtDNA-encoded subunits of complex I in 4AR cells increased significantly, as revealed by pulse-chase experiments, suggesting a restored complex I assembly. In the blue native gel analysis, the amount of assembled complex I without ND6 in 4AR cells was found to recover to the level of complex I in the control A9 cells.
It is interesting that both the complex I-dependent respiratory and enzyme activity in 4AR cells are even higher than in the wild-type A9 cells. This compensatory effect might be due to the fact that the restored complex I could not pump the protons as efficiently as in the wild-type cells, which is similar to a previously reported situation where a yeast alternative dehydrogenase NDI1 was introduced to human cells (3, 41) .
It has been reported that the ND6 gene is the hot spot for mutations that cause LHON (10) . Besides the primary mutation at position 14484, six more mutations have been identified as causes for the disease (13, 27, 31, 54) . A missense mutation in the ND6 gene have also been associated with bilateral striatal necrosis (42) and Leigh syndrome (45) . Consistent with the clinical reports, the essential role of ND6 in the assembly and function of complex I has been indicated in studies with the green alga Chlamydomonas (7), a mouse cell line (2) , and a patient's fibroblasts (45) . Our studies on 4AR cells, however, suggested that under certain conditions, other complex I subunits can still be assembled into the complex and make it respiratorily and enzymatically active in the absence of the ND6 subunit. The relatively high frequency of the reversion (10 5 ) suggested that an alteration in the expression pattern, instead of a second site mutation, is responsible for the recovery. It is known that ND5 and ND6 subunits localize in different subcomplexes and possibly integrate into the complex at distinctive steps (7, 44, 46, 49) . Thus, it is also interesting that this modulation also suppresses the ND5 mutation to some extent, suggesting the existence of a general assembly factor that could be involved at multiple steps of complex I assembly. Although further studies are needed to pinpoint the exact cause for the assembly of complex I in the absence of the ND6 subunit, the results presented here shed a light on a potential new approach for the correction of mitochondrial deficiency in patients.
